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ABSTRAC T 

Iron ore sinters with and with' out calcite and dolomite 
additions were produced by setting up a forced draft sintering 
unit in the laboratory. The scientific studies such as the 
pressure and temperature response measurements to record the 
progress of sintering the strength and reducibility determi- 
nations have been carried out by performing a large number of 
experiments. The cold model studies in the determination of the 
bulk density and permeability of the bed were performed to get 
information about the porosity and nature of the bed as influenced 
by the presence of water/ fluxes and coke in the bed. The mecha- 
nism of bond formation during sintering was studied seperately 
by heating various mixtures of iron ore, calcite/ dolomite/ sand and 
graphite materials in a crucible to a high temperature of 1200- 
1300 °C. The quantity of the liquid slag formed and hence the 
yield and strength of the sintered mass depended upon the tempe- 
ratures attained by the bed during sintering. The maximum tempe- 
ratures attained were more when the sintering was carried out at 
the speed of 0, 9-1.0 cm/min compared to 0.5-0. 7 cm/min. It was 
confirmed that good sinters could be produced when the bed reached 
the temperature of 1150-1200 °C in case of fluxed or super-fluxed 
sinters. The temperatures of around 1200°C were possible only 
in those cases where fluxes decomposed ahead of the sinter zone 
so that the calcination of the flux did not absorb heat during 
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combustion of carbon in the sinter zone. For acid sinters good 
strength and yields were obtained only when the bed material 

reached temperature of around 1300°C during the sintering process. 

% 

The yield sintered mass was found to be around 50% and the 
effective yield around 40% in most of the experiments. 

Mathematical models based on overall and zonal thermal 
balances have been developed to describe the process variables 
which affect the quality and the rate of sintering. Calcite 
material is known to decompose at slower rate compared to dolomite 
material so that the expected peak temperatures in the bed are 
low when large quantity of calcite is added in the sinter mix 
and the effective yield will be poor. 

A mathematical model is developed to describe the reduction 
behaviour of iron ore in the shaft by H 2 gas. This can be used 
to estimate the exit gas composition and the degree of reduction 
as a function of time. The experimental results carried out 
at 750°C matched with the theor£tical predictions if 100-150°C 
loss in temperature of bed due to cooling by H 2 gas is allowed. 
Presence of fayalite (2Fe0.Si0 2 ) in the bed material posed 
problems in the removal of last 10-30% of the oxygen in the 


material . 



CHAPTER -I 


INTRODUCTION 


In an integrated steel plant, fines of various raw materi- 
als (like Iron ore, limestone, coke, dolomite etc.,) are genera- 
ted during their mining, transport and comminution stages to the 
sizes of the requirement. Utilization of these fines becomes a 
vital factor in view of the economy of the iron and steel indus- 
try and also from the view point of environmental pollution. 
Various processes for agglomeration have been tried in the past 
three decades hut sintering and pelletization were found to be 
more suitable for the iron and steel industry. Sintering is con- 
sidered to bo a better process among the two, as it yields higher 
productivity, gives better reducibility , lowers coke rate in a 
blast furnace, eliminates the need of fluxstone charging and gives 
better silicon and sulphur control in the hot metal. Sintering 
is basically the process of incipient fusion of fines to make an 
agglomerated synthetic mass which possesses sufficient strength 
to withstand the blast furnace conditions and sufficient porosity 
to maintain the permeability of the bed inside the blast furnace. 
They are produced by applying suction at the bottom of the 
sintering pan .or bed leaving the top open. The incoming air 
(precisely in the air) reacts with the carbon in coke 
to produce heat and high temperature for fusion. 

The fusion zone moves from top to bottom during the sintering 



process -while the hed itself moves from left to right in 
an industrial sinter strand. 

Sinters may be classified into three types . acid sinters, 
self -fluxed sinters and super-fluxed sinters. Acid sinters are 
those which are produced from the iron ore and coke fines without 
any addition of fluxes. Fluxed sinters are those in which flux 
has been added to the mix just to nullify the burden acids 
so that it provides the same basicity ( ) ratio as 

desired in the final blast furnace slag. Sup^r-fluxed sinters 
are those which have very high basicity ratios ( y 3.0) 

they have found applications both in iron making and steel 
making stages. 

The desirable properties of the sinter for its use in blast 
furnace include high Fe content of the praiuct, good room tem- 
perature strength, good strength under high temperature reducing 
conditions, and good reducibility . These properties are known to 
be influenced by the process parameters such as the nature and 
size distribution of raw materials, moisture content, fuel 
content, speed of sintering, ignition etc.. The important 
scientific studies are due to the bond formation between the 
particles. The bonding in case of sintering of the metal powders 
is a physical bond i.e., the bridging of particles in the 
sinters, but in the case of iron ore sinters the bond is not 
only physical but also chemical in nature. For acid sinters, 

the primary liquid formed is due to the formation of low MP 

for fluxed and super fluxed sinters, 
fayalite ,2 FeO SiO^) phase while/ the formation of 

dicalcium ferrites, or calcium diferrites prevent the 
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formation of wustite acid then contribute to high reduction 
strength. It has been found ^ that among the ferrites, CF 2 
is most reducible while is most irreducible. 

Attempts have been made in the recent past to replace 
2 

CaO by MgO . These resulted in the formation of magnessio- 
spinels and suppression of the formation of Ca-Ferrites as well 
as hematites, and dicalcium silicates. The inclusion of MgO 
as a constituent in the sinter^, is mainly intended to obtain a 
blast-furnace slag containing 6-14% MgO to achieve optimum 
slag conditions in terms of good flowability and easy sulfur 
removal. The main effects of mineralogical phases with 
special reference to MgO addition in superfluxed sinters 
are discussed in this thesis. The experiments were mostly 
conducted in the modified system of the existing forced draft 
iron ore sintering unit in the laboratory^. Suggestions 
for improved performances for the industrial prediction of 
suporfluxed iron ore sinters are included by developing 
the process models to describe the sintering process. 



g|APTiL'Il-I_I 

literature revieu 

2.7a. Mineralogical study in Iron ore sintering ■ 

Leif fluxing sinters may consist of several kinds of 

minerals such as /fron oxides, calcium ferrites, calcium silicates, 

glassy slags etc.. Their formation^ in the sinters vary with 

basicity ancl type of v flux added. These minerals in the sinters 

are found to affect the metallurgical properties of sinters such 

as mechanical strength at room temperature, reducibility, degra- 

f ‘ - 

dability during reduction at around 550 C. 

5 a- C'* *' ■' v l " n , 

p.^ketorp presented a- nice review of agglomeration of 

iron bearing minerals. He discussed different factors influ- 
encing the form and speed at wave passing through a sinter 

bed, and the importance of hv. . exchange process, high reduci- 
bility and good strength attainment by the formation of calcium 
ferrites in high-lime sinters. The porous and open structure 
of low-fuel sinter according to Rist^ shows a microstructure 
wherein the iron oxide remains in its original form and is not 
recrvstallised f^forn a melt., as wouild be the case at higher 
temperatures . It has also been found that the ^ayalite (2FeO.SiC>2) 
occurred only in siliceous feeds with high fuel contents. 

Fumio hatsuno have recently reported extensive study on mineral 


changes during sintering, he made mixture of fine powders with 



5 


basicities of 0.6 to 5.0 consisting of 30% hematite, slaked lime, 
and quartz which were rapidly heated to 900 C to 1400 °C and 
cooled in air. The process of the formation of minerals during 
rapid heating was examined. They presented a schematic diagram 
of mineral formation processes of 30% PegO^-CaO-SiC^ system as 
shown in Pig. 1. It was studied that assimilation of quartz 
and the melt of calcium ferrite proceeds in the following three 
steps . 

(a) Molten silicate slag with low basicity is formed around 

quartz and quartz dissolves into the melt. 

l 

(b) Molten silicate slag reacts with molten calcium ferrite 
and hematite precipitates at the boundary of the two melts. 

f >■ 

(c) r^exoatite. is divided, into particles by molten silicate 

s 1 q g . aad 'Jthe reaction between' the two melts continues until 

the assimilation completes even if the temperature is compari- 
tively low. 

After the completion of the reaction mentioned above 
characteristic micro structures are formed according to the 
basicities. The minerals formed with the mixtures of basicity 
lower than 1.6 consist of glassy silicate and secondary hematite 
or granular hematite originated from calcium ferrite, those 
having basicity greater than 2.0 consist of calcium ferrite and 
di calcium silicate. T -Iematite particles coarsen as the temperature 
increases, and some of them change into magnetite particles 



\ 


Heating 


Cooling 


i 


Hematite — 
Caustic lime- 


Calcium ferrite 



Calcium 

ferrite 

Dicalcium 

silicate 


Melting — ^ 2.0 
S1O2 


Quartz 


CaO < 
Si02 ^ 


1.6 


□ Melt •* Glassy 
silicate 

Sec hematite -♦Sec. hematite 
or magnetite 


Fig. 1 Schematic diagram of mineral formation processes 
of mixtures 80% Fe 2 03 -CaO - Si0 2 system 1 - 7 ? 
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which has larger coarsening rate than hematite. Chemical compo- 
sitions of examined oxides by-Matsuno after heating at 140 0 C C 

/ 

for 5 mins, in air axe shown*' in Pig. 2. Ginter mineralogy changes 
with basicity^ — A& shown in Pig. 3*^llen CaO increases the coke 

rate for sinter plant decreases due to the formation of low 

1 

melting Ca0-i v e o 0 o phase. As silica content increases, may be 

cMe to coi c esn ana Iron are, it yi.l^s uioxe glassy slag. It 

has been reported that dolomite additions promote magnetite 

2 2 ■- 

formation by substitution of Mg ' for Fe in the magnetite 
lattice. Increase in MgO content shifts the mineralogical 
changes to the right in Fig. 3. 


Effect of sinter 


lx a_si city on st ren ; , /tip prop erties 


Glassy slag and dicalcium silicates are pres^umed to be 
detrimental to the mechanical strength, because the former is 
brittle and the later has the alio tropical transformation with 
a larger volurn ' change', waring reduction of the sinters (at 
around 550’ C) of the sedf-f lining type, the carbon deposition 
in the sinters resulting from CO g is was considered as the 
cause for the degradation of sinters . However it has been 
found that degradation takes place during reduction in I-I 2 gas. 
This is considered to occur due to the larger volume change 


resulted from reduction of hematite to magnetite. f . 

r t ar*?— • im a dus^s— eH a *e i rcrt : ?T^'^Id"'Eei. i o s . * a m an increase 

in MgO content strength again deteriorates. In general increased 



A - Hematite ♦ Magnetite ♦ Glassy slag 
B - Calcium ferrite ♦ Magnetite ♦ Dicalcium silicate 
C - Glassy slag 

D - Dicalcium silicate ♦ Calcium ferrite 
E - Dicalcium silicate ♦ Glassy slag 
F - Monocalcium silicate * Glassy slag 

Fig., |? Chemical compositions of oxide mix. and their 
microstructures after heating at 1400 °C for 
5 minutes in sir. 07 
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3 

MgO / CaO addition contributes to lower sinter cold strength . 
However for sinters in the lower basicity range, small MgO 
additions have a beneficial effect. For CaO-rich sinters the 
presence of ferrites is the main strength contributing factor 
and for hgO-rich sinters the precipitation of olivines in the 
glass matrix contributes to higher strength of sinters. Presence 
of large slag pools and/or the precipitation of dicalcium sili- 
cates appear to have deterious effect on the strength of sinters. 

O t 

Mazanek investigated the properties of self fluxing sinters m 
the basicity range of 1.0 - 3.5. according to him strength of 
sinter varies with basicity as shown in Fig. 4. The low strength 
of sinter of D 1.4-2. 2 is connected with the presence of 
calcium orthosilicate ,p -2CaO.Si0 2 . The allotropic transforma- 
tions of / -2CaJ.fi0 2 on the cracking of the sinters is also 
confirmed by ilazanek. Sinters of basicity above 2.2 are satis- 
factory; the presence of large amounts of plate stick and needle 
shaped ferrites and the presence of 3CaO.Fe 2 C 3 favour the 
strength of these sinters. 

9 

Testing of laboratory sinters made from Lackawanna 


mixes had shown that little change in tumbler strength or net 

, . /CaO /MgO v 

production rate would occur as the basicity (.B = ' 

increased from the self-fluxing level of 1.0 to a super-fluxing 

level of 2.3. Further testing showed that as basicity goes from 


2.3 to 4.0, sinter strength goes up but sinter production 






decreases rapidly (Fi~, . 5). j.' . ineralogical studies showed that 

c!i calcium ferrite ^CaO.li^Ug) bonds provides the major strength 
mechanism for super- fluxed sinter compared with iron oxide 
bridging in the self-fluxed range. In Lackawanna plant the super 
fluxed burden in J-blast furnace was increased from 12 % (in 
Feb. 1957) to 53 X (in April 1967) and at the same time the 
pellet burden was reduced from 85/C to 47', C. During this period 
hot metal production increased from 2820 to 3035 tpd and coke 
consumption decreased from 941 to 914 lb per ton of hot metal. 

The- amounts of raw fluxstone charged to the O/F was reduced from 
531 in Feb 1957 to 0 lb per THM in April 1957. 

2 ,c. i MJL i_ty Ji^a sur e_me n t s - ___ j if_f e ct _ _oj: basici ty o n 

red uc ibility o_f sint ers : 

To determine the the rmodyn antic characteristics of reduction 
processes, it is essential to form or attain a state of equili- 
brium. In heterogeneous systems i.e. gas-solid or -liquid 
phases, the moment of attaining equilibrium is determined by 
variations in the pressure or volume of a gaseous phase, varia- 
tions of the mass of reacting phases, on heating or cooling 
curves etc. The most common methods for analysis of reduction 
processes arc those with the participation of a gaseous phase. 

Thee may be termed as static anct dynamic aiethods. 

Static Method_ Measured quantities of a substance to be tested 
and a gaseous phase are held in a sealed apparatus at specified 
values of temperature and pressure. Samples cf gas are taken 



nnter Pro 



f 




v l mix 


ig. 5 Effect of basicity on strength and product 

ion rate of Lackawanna sinters S l0) 
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off and analysed in regular time intervals. It is taken that a 
state of equilibrium is attained when the results of analysis of 
a number of successive samples are identical. 

In 'this method, a gas is caused to flow over 
the solid surface at such a speed which is sufficient to form a 
state of equilibrium during the time of passage of the gas over 
or through the solid surface. The subsequent analysis of gaseous 
phase gives direct equilibrium values . 


Apart from the above mentioned ones there is another method 
called circulation method in which a gas flows over the solid 
surface and a continuous chromatographic analysis of the gas 
phase is done by the variations of heat conductivity, inter- 
ference properties etc. In a study of the kinetics of oxides by > 

gases the rate of reduction is judged upon by variations in the 

( 

mass of a sample, is-. e cus * * - ••<»£ ■ viravirnetric methods measuring 
the weight loss continuously with time. 


The reduction behaviour of oxide compounds with iron oxides 

has often been. studied because of its importance in connection 

, > 

with sinters arid pellets but no fundamental clarification has 
yet been achieved of the sub-processes which occur, ilost of the 
investigations in which the reduction rate of such phases 
have been measured suffer from the fact that the porosity and 
surface area of the specimens under investigation have not been 
determined precisely. Some of the results of measurements with 



various kinds of minerals are given in Fig. 6 and Table 1. 

3. Jatnabe ^-0 concluded the following from his studies ; 

(a) Calcium ferrites rich in iron oxide and also the compound 
CaO. 'l 2 u 3 • SFe^Og an-; equally reducible as hematite ores or more 
reducible . 

(b) bicalcium ferrite and the silicate CaO.FeO.oiO 2 are less 
easily reducible. 

13 

The reducibility of self fluxing sinter has been reported 
to change according to the basicity in the same manner as the 
mechanical strength. It is confirmed that the reducibilities 
of sinters containing much iron oxides and 00101 x 01 x 1 ferrites are 
larger than those containing silicate minerals. J'azanek reported 
that the reducibility goes down .between 1 . 5 - 2. 2 h.sicity sinters 
and ay. 'jn increases 'With further increase in basicity. The 
reason for the former effect is explained duo to the decrease 
of Fe,, 0 _ content and increase of di calcium ferrite, and for the 
latter effect <‘nt to the raise of mono-calcium ferrites. 

Cat 1 .Fed .FCo<- 3 • 

The reducibility of the two binary ferrites which are 

12 

rich in lime has been studied by >chenci. et al . udstrom has 
studied the reduction of Ca0.23?c 2 C> 3 and observed that reduci- 
bility was roughly same for CaO.I^O^ and Ca 0 . 2 Fe 2 0 2 . Panigrahy 
1 3 

et al reported a negative influence on the reducibility of 





Table 


tS""* 


1 


Degree of reduction of sinter minerals after 
reduction for 40 minutes in pure CO at 850°C 


QV 


R . , 
sinter 

% 

Pe 2°3 

49.4 

CaO .Fe 2 0 3 

49.2 

2Ca0.Fe 2 0 3 

25.5 - 

CaO .2i*'e 2 0 3 

50.4 

3Ca0.Fe0.7Fe 2 0 3 

59.6 

Ca0.Al 2 0 ,2Fe 2 0 3 

57.3 

4Ca0.Al 2 0 3 .Fe 2 0 3 

23.4 
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sinters that are prepared by ilgO additions. He further concludes 
that the drop in reducibility could be explained by the decrease 
in hematite and Ca- Ferrite content and subsequently the increase 
in aynetitc phase which has lowered reducibility. "he higher 
amount of Jeo in the slag , base- which forms poorly reducible 
silicates and the dendritic magnetites are not easily accessible 
to the reducing gases because of the surrounding slag layer. 

At high basicity indices, >3 ~ l.S and 1.9 where sinter structure 

is marked by a continuous ferrite frame the sinters show very 

/ 

high reduction degradation Index even without ligO addition, 

in spite of hematite being present. AgO stabilises magnetite 

as magnussit© t spinel formation suppresses the Ca-ferrites and 

13 

hematites to form. It is been confirmed that sinters with 

basicity above 2,5 say in the ran,: o 2.5 - 4.5 the reducibility 

I;, p-xr. to have oonsi ,'eraole improvement. Similar results were 

( ) 

obtained by x azanek, .l.u. Limons et al, H.watnabe. The higher 
the basicities of ‘the sinter^ the greater is the ferrites r% 
oontasnas, the higher is the CaO present in the olivine (CaO)^. 
(Poo) _ . (di0 9 ) and lesser the free magnetite, .oil these three 
effects gives rise to marked increase in reducibility values. 

2 ..u . iCf f oct _o >f magn e sium oxide _addiJtion_ Piijeropjsjrtie_s o_f _si_nter 


Dolomite additions to tine sinter mix are done to increase 

yiqO content of the sinter. Ga9 »4>a f h e basicity 

"index. It has been deserved that the addition of dolomite lowers 
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reducibility x , increases the strength and improves reduction 

strength of the sinter. The charging of dolomite through the 

. , , , n 

sinner huraen also improves t jauMk r performance . An increase UgO 
content of the sinter decreases the amount of calcium ferrites, 
even in sinters with a low FeO content. It also brings about an 
increase in the content of MgO bearing olivines and the appea- 
rence of almost irreducible pyroxene and f erromonticellite 
jj3a(Fe, Mg) SiO^j. This was confirmed by A .Chatter jee et al . 

MgO contents belov; 4 . 5 % do not influence the mineral constituent 
of the specimen, because MgO easily replaces the Fe‘ ‘ ions in 
the space lattice of the olivines and pyroxenes. MgO stabilizes 
magnetite. This stabilization is the key factor of the lowering 


of rcducibility of sinter upon MgO addition. The effect of MgO 


7 

on the minoralogical composition of the sinter is such that the 
phases present in Fig. 3 are displaced to the- right. That is, 
at any particular basicity, increasing the MgO content increases 
the magnetite and decreases both the hematite and calcium ferrite 
contents. Additions of dolomite must be compensated for the 
sinter mi:: by an increase in the addition of coke breeze. 


Unlike limestone, dolomite has the tendency of increasing the 
temperature of initial melt formation. It was noted that pockets 
of poorly sintered material existed with dolomite addition «ajsd 

ir i j 1 w &£ coa u' i ~ i ~ 1r r , 

sinter ed mate fi al » — 'd-r slower progress of flame front resultqgy 4 - j 

- ***** j 

in a longer sintering period. The reasons for this effect are i 


I 
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as the following 5 

(1) Replacement of CaO by MgO leads to an increase in liquidus 
temperature of the melt phase. 

(2) ,-iS more MgO replaces CaO • the slag phase progressively 
becomes Si0_-rich resulting in higher values of ’melting point 
and viscosity of the slag. 

(3) The porosity increase^ with increased replacement of CaO 
by MgO. Moreover while the high CaO-bearing sinters exhibited 
uniform distribution of po'fes, the sinters with increased MgO 
content shov/ed variable distribution. 

( 4 ) Poor me chani cal s tre ngh . 

The fall in production as discussed above for the case 
of sinters in the range of self and super fluxed basicity range 
(j3 •• 1.3 -1.9) is because of crystal size of flux materials/ 
increased aid t viscosity/ poor mechanical strength and high 
porosity due to MgO additions. It was also concluded in 
Penigrahy ' s paper that one should take care in choosing proper 
fluxes, in particular in selecting dolomites of the correct 
crystal size, and using dunites wherever they are economically 
attractive as the MgO bearing source. 
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PLAN OF UORK 

The conventional sintering unit is a downdraft pan 
sintering unit with a circular detachable grate leading to a 
blower for suction of air through the sintering mix. The limi- 
tations of this unit to carry out any scientific studies are as 
the following . 

1. Pressure drop measurements during sintering are not 
possible . 

2. Correct positioning of thermocouples inside the sinter 
bed is not possible. 

3. Total bed height is usually small. 

4. Maintaining a constant air flow in such units is not 
possible duo to changes in the permeability of the bed 
(.hiring the process of sintering. 

1 s 

jiao designed a forced draft sintering unit in which 
air was constantly supplied from a compressor at a predetermined 
rate for his scientific studies on the production and testing 
of super fluxed iron ore sinters. Temperature responses could 
be measured by putting the thermocouples in the bed from the 
top and pressure responses measured by using a manometer. This 
setuT3 too suffered from the following difficulties 'j 
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1- The size of the unit was small, because of which studies 

were limited to bod heights of 20 cm or less. 

2 . facilities were not provided for the measurement of pressur 
drop across a section of the sinter bed during the progress 
of the sintering process. 

3 . There was no provision for the measurement of the exit 
gas temperature . 

Considering these difficulties into account a new set-up 
was designed and fabricated in the laboratory. 

for measuring the reducibility of iron ore sinters for 
comparison purposes, a new setup was designed in this work. 

Pure hydrogen gas was made to flow through the material which 

< ) 

ji-ef heated to different temperatures in a furnace. HgO in the 

piOeuci was removed and the quantity of the remaining in the 

gas was determined using a flow meter. For better understanding 

# ' 1 

and evaluation of results a few crucibles studies were conducted 

) 

whore the mixtures of Iron ore, calcite, coke, dolomite etc., 
in various -'roportions ate heated to 1300°C in a silicon carbide 
furnace. ’ . 

Thus the whole work can be classified into the following 
parts i ' 

1. The quantitative analysis of calcite, dolomite limestone, arj 

coke breezed used in the present work by weight loss ; 


me asurernents 
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2. Cold model studies to determine the bulk density and 
permeability of the bed as a function of moisture content. 

3. Codifying the existing forced draft sintering unit so as 
to record 3 temperature and 2 pressure response# measure- 
ments during the progress of sintering. 

4. Designing and fabrication of reducibility apparatus, 

5. Production of acid sinters, fluxed sinters and super 
fluxed sinters with and without dolomite additions. 

6. Crucible studies to study the bond formation between the 
various oxides. 

7. ..'--ray diffraction study of the sintered products of the 
crucible studies. 

3. Shatter tests to determine the strength of the sinters 

produced . 

9 . evaluation and tabulation of results. 

10. jIg commendation for improved performances in the industry 
based on the results of present study. 
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CHAPTER- IV 


EXPERIMENTS 


4.1 Mate r i al s 


(A/ 


The source and analysis of raw materials used in the 

IV* \ $ , ** >., #* kj * 

present study are given in liable S\ ee*<,P v5 ' t v » . i w .,«, .? 

** o? M r e«*» , •?' ^ ftv " r> r '<- 


Table_ _2_ : Source and ana lys is o_f mpte_rials 




lr f ».• ’ - • ‘ 

•*' * £ V C *** ^ ' f, % | ► ^ 


\ v’ "f d » 


SI .J',o . 


Material 


Source 


Size 


1. 

2. 
3 . 

4. 

5. 

5. 


Iron ore TISCO, Jamshedpur 

(65.6% Fe, 1.3% Si0 9 ) 

Coke breeze Local Market 


Dolomite 


-do- 


Cal cite 

Sand (96% SiC^) 
^r aph i te (99. 9% ) 


-do- 

Ganga river sand 
from foundry 
laboratory 

Laboratory? - 


0.15 mm to 2.36 n 

0.4 to 2.36 mm 
0.15 to 2.36 ram 
0.15 to 2 .36 mm 
0.15 to 0.4 mm 

Powder 


4.2 Ecru ipmi.nt 

m m #*» «***> +, m m i* « I 

4.2.1 Forced draft sintering unit • Th e ^sy-s4e*a - wa ^-m ade-.-ai-g—- 
tight with the help of ’hti" 0-ring in the top flange. The "ends 75f 
probes for temperature measurements inside the bed and just 
below were s&aled. The unit consisted of a mild steel tube of 
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3 cm diameter and S5 cm Ter.-th with inlet and outlet connections 
as ■ shown in Pig . 7 . 

The following equipments were needed to run the experiment: 
using- this units : 

3 

1. hir compressor of 10 Dm /'hour capacity. 

2. Capil lari?- flow meter; it was calibrated with the help of 
a we t~ Le s t me ter. 

3. Calibrated Crornel/Alumel and Pt/Pt • 10% Rh thermocouples, 

Ot • ^ S”Ll f Jjl : . -J'X' 

4. - Two digital potentiometers to record temperature responses 

in mV Ji> '.’I Ov 0 ff=fTt 5 ". (70 T”” 

5. One double key switch. 

6. hcrcury and uthyl Pthalate manometers to measure pressure 
responses . 

7. One oven for drying raw materials before use. 

G . One stop watch to record time. 

4.2.2 Reducibi lity a pparatus : The schematic diagram of the 
apparatus used for determining the reducibility of the iron ore 
or iron ore sinters is s'ioun in Pig. 8. It consisted of 15 mm 
ID, 1 meter quartz tube with leak proof inlet and outlet 

connections for the flow of U 2 gas. The following equipments 
were needed to conduct the experiments. 

1. Capillary flow meters, 

2. Resistance furnace capable of reaching 900 C. 
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3. Temperature controller with relay switch. 

* r* / 

4. *' / £ro/ael/ i $lumel thermocouple. 

5. Gas train to purity 11? gas. 

3. UpO condensation tube. 

7. Digital potentiometer. 

D. Stop watch. 

9. Soap bubble meter. 

10. Measuring cylinder. 

11. Chemical balance. 

• ;1 .2.3 Silicon _carbi_cle furna ce .for ^crucib le, s tudies z A muffle 
silicon carbide furnace was used for crucible studies. 40 Amps, 
oil cooled transformer was used to supply power to four ID mm 
dia. Silicon carbide rods. The furnace is controlled by a 
pt/pt •: 10% Rh thermocouple connected to an on-off recorder 
and temperature was measured using another thermocouple connected 
to the digital potentiometer. 

4 . 3 Pro i qedur e 

4.3.1 Forced Dr aft s i nter i ng unit : The following procedure was 

£ 

adapted in carrying out the experiments . 

* 

1. Chock the system to/be air tight by pressurising ^t first 

with air supply closq' the exit end cut off the air supply. 
Any leaks in the system can be observed by the drop in 
the pressure in the system as recorded by the manometers. 



Feed the steel tube with cernraic pieces to the predeter- 
mined he rth and place a mild steel wire raesh on top of 
the refractory chips. 

heigh the quantities of the dry iron ore, calcite, dolomit- 
coke breeze in the suitable proportions and add the 
necessary amount of water to it. liix them thoroughly in 
a drum. 

Add the prepared sintering mix to the unit and determine 
the permeability of the green mix by closing the lid and 
recording pressure drop across the bed for a fixed 
flow rate of air. 

Remove the top lid and add the preheat burden consisting 
of iron ore (300 g) and coke breeze (40 g) . 

*dd charcoal and saw dust over the preheat burden so as 
to give a 2 cm t hek layer in the sintering unit. 

Row ignite the bed with a match stick. 

Pass air ab the rate of 10-20 cc/sec and cover the top 
of the unit with a refractory asbestos sheet if necessary ; 
to increase the intensity of combustion of charcoal in 
the top layer. 

measure the' temperature of the ignition of the bed, close 

V 

the top lid and adjust the air flow rate to the desired 
.level . 

Record the various pressure and temperature responses at 
regular intervals of one minute till the temperature of 
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the bed has cooled to 500°C and the peak in the exit gas 
temperature has been obtained. 

11. 3-cop the supjoly of air from the compressor and allow the 
bod to cool down to room temperature. 

12 . Measure the permeability of the cold sinter by recording 
the pressure drops across the bed for the fixed flow rate 
of air. 

13. Open the top lid and take out the sinter from the unit. 

14. keigli the amount which is sintered to size grade of 15 mm 
and weigh the unsintcred mass separately. 

15. Subject the sintered material to further tests such as 
shatter tests and reducibilifcy determination. 

4.3.2 Crucib le s tudies , These studies are conducted in the 

following steps. 

1. The amounts of iron ore, cal cite, sand, dolomite, graphite 
etc., in suitable proportions are taken into alumina 
crucibles and the same are weighed. 

2. These crucibles are placed inside the furnace rt 3 3DO ,w 
tor one hour. 

3 . Crucibles are then removed carefully and allowed to cool 
in air. 

4. Crucibles along with the material is weighed again to 
record any loss in weight of material on heating. 

5. The materials are collected by breaking the crucibles if 
necessary and subjected to further tests and examinations. 
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4.3.3 .test i The procedure of this test is as 

follows 

1. lill the quartz tube with broken refractory chips unto 

the middle of the tube and place a steel wire mesh over it. 

2. tdd the weighed material of iron ore or sinter over the 
mesh in the quartz tube. 

3 . Insert the quartz tube carefully in the furnace tube and 

make the inlet and outlet connections for the flow of 
gases . 

4. Put the furnace on and wait till desired temperature is 
reached. 

5. Pass SI 2 d as at a known flow rate to flush the apparatus 
for 15 minutes . 

6. Start passing the purified H 2 gas at a constant rate and 
note down the flow rate of H 2 in the outlet with the help 
of flow meter and the soap bubble apparatus at regular 
intervals of time. 

7. ; Jiien H 2 in the exit gas has reached a constant value for 
a long period, stop the experiment and allow the furnace 
to cool. 

8. Take out the amount of TI 2 C collected in the copper bubbler 
after each experiment and measure its volume. 

9 . Remove the reduced iron ore or sinter material from the 
quartz tube carefully and determine its weight. 
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4.3.4 jshajtter_ js' trong_th , a fixed weight of 
. 15 mm sinter materiel is dropped once from the height of 2 
meters on a 12 mm tniclc mild steel plate . The percentage 
retained in :4.7 mm size is assumed os the shatter index in the 
present work. 

4.3.5 ^-jray_ .sj.udies « 3-5 gms of a compound is crushed in an 

agate and pestle and the powdered mass is subjected to the X— ray 

diffraction using Cn-h and Cr-k radiations. 

we 
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RESULTS 

This chapter describes the results of all the experiments 
carried out in this study. 

5.1 Gold laodel_ _s ‘cudies 

The measured bulk densities of the iron ore and sinter 

mix materials as function of the moisture content are given in 

Rig. 9. The pressure drop across the bed of a sinter mix as a 

function of ' moisture content of the mix is also plotted in Fig. 9 

itself. From these results, the moisture content was kept at 

5 (/y\ 

7 pet. in all further experiments £n the softrtiii of iron ore. 

5.2 C rucible jsjtudies 

Table 3 sui amarines the details of experiments carried out 
on heating of the oxide mixtures in the silicon carbide furnace , 
and the observations recorded. 

5 . 3 by d^t §jtyv_ e_ a nalys is n. f. raw ja ate rials 

The results of the weight loss determination on heating of 
the carbonate materials and the core at different temperatures 
are mentioned in table 4. Coke breeze is found to contain 38 pet.: 
ash and 4 pet. moisture. Height losses on heating of caroonate 
materials at a temperature less than 9 0 0 '■ C are due to the decoro— 
oosition of ligCO-, . The loss oi 4.15 gm on hearing of 20 gm of i 

doloiiiite material at 050-C. would give its i.gO content as 10.86 pc) 
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/ 4 . 15 40 

i.o. , x x 100) . The weight loss due to the decomposition 

of dolomite and col cite materials on heating at 930" C suggest 
that dolomite contains 30.8 pet. Cat and cal cite contains 54.22 
pet. CaO . Calcite used in the .resent study is thus at least 
90 •'ct. pure. 


5.4 Sinter ing of ir on ore _in Jdie^_forjced_ dr aft _sin^tering^ unit 

The details of all the experiments carried out in the 
sintering unit are given in table 5 alongvith -the weight measu- 
rements of the product after the experiment. The measured 
temperature and pressure responses during the progress of sinte- 

ring in these experiments, shown in figs. 10 to 10. The pressure 

A 

drop measurements across the bed in the empty reactor, in the 
green mix, during sintering and after sintering are summarised 
in Tabic 6 for better comp irison of the bed permeability at 
different stages of the sintering process in each experiment. 

5 . 5 j.l_edu_cibd litv jstudy 

The results of the experiments on the shaft reduction of 
iron ore, manufactured iron ore sinters and the crucible heated 
products by H 2 gas arc summarised in Table 7, The measured flow 
rate of il 2 gas at the outlet of the reducibility apparatus are 
plotted against time are Known in digs. 1°) to 25 for these 
experiments. The area under the curve in each experiment gives 
the total amount of il 2 that has escaped out of the system ^.and by 
difference the amount of II 2 that has reacted with iron ore can 



be determined' by m .tnj the dirr-rc-nee in the flow rates of 
m Lhe inlet and the outlet o r : the apparatus anu the exit gas 
compasition con de termi^ec! in ta~ ?.ng Lhc ratio of the two 
flow races. 

5 .6 Stiatter_^tesjt 

The sintered masses from the experiments of the forced 
draft sintering of various iron ore mixes were subjected to the 
shatter tests as described in section 4.3.4 and the results are 
summarised in table 0* 

5 . 7 h-ray diffr actio n 

The diffraction patterns for the Al , B1 and 01 crucible 
compounds are schematically shown in Fig. 25. 
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Table^Jt ; R esults, of qua ntitative analysis o f raw materials 


Raw material Temperature ^feights_ dt .loss % loss 

Initial after (g) 

(g) heating (g) 


Coke breeze 

105 

1 .000 

0.960 

0.04 

4 


900 

1.000 

0.3799 

0.62 

62 

Dolomite (dry) 

735 

20 

19.00 

0.20 

1.0 


Q50 

20 

15 .05 

4-15 

20.75 


980 

100 

55 

45 

45 

Cal cite (dry) 

735 

20 

1^.79 

0.21 

1.05 


050 

20 

19.08 

0.12 

0.6 


900 

100 

57 

43 

43 
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Fig. 13 Plots of pressure and temperature in SIN IV against time. 
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Fig. 16 Plots of pressure and temperature in SIN VII against time. 
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Fig. 18 Plot* of pressure and temperature in SIN IX against time. 
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Fig. 19 Plots of outlet flowrate of H 2 in RED 1 against time 
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Fig. 21 Plot of outlet flowrate of Hi in RED 3 against time. 
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Fig. 22 Plot of outlet flowrate of In RED 4 against time. 
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Table 


Shat- ter tosjt results 


Experiment 

-ft. of the sintered 
mass before the 
test ' (g) 

.<ft. of .4.7 
rrtra mass after 
the test 

Strength 

Index 

iCff e< 
yielc 

SIM I 

630 

512 

01 .26 

40.* 

SIM II 

510 

345 

57.64 

34.; 

SIN III 

520 

445 

35.57 

41.: 

SIN IV 

500 

300 

60 

33. ( 

SIN V 

440 

190 

43.2 

11. ( 

SIN VI 

190 

150 

78.94 

14. * 

SIW VII 

693 

608 

07.1 

43.; 

SIN IS 

570 

430 

75.4 

34 

sir. ix 

970 

705 

00.9 

52.: 





DISCUSSION 


6.1 P.£ ra °i s t u re on bul k density and permeability 

Presence of water lowers the bulk density of the mix and 
improves the permeability of the bed. Lowering of bulk density 
is more pronounced in case of iron ore and (iron ore coke 
breeze) mixes and the effect is small in presence of fluxes. 

Tne presence of fluxes also lower the bulk density of the iron 
ore . 

The calculation of porosity values for different mixes 
is based on the following formulae : 


£ 

where , V 

V' 

again, 

V' 


V - V' 
o 

‘“V ? ■ • 

o 

Volume of the material including voids; £ = porosit 

Volume of the material occupied by the solids or 
liquid I 



1 

' foo “ 7w 


1 "o 
100 * 


7 coke 





where, N 


o 


P 


/ 


coke’ 


height of iron ore 
Percent of water ; 
Percent of flux 
density of coke ; 


taken 



/ 


flux 


percent of coke breeze 
density of water - ; 

: density of the flux ; 
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JhP. table^gives the calculated porosity values 
from the a'.ove equations for the experimental results in the cold 

■v 

model studies. 

It may be seen that porosity of the green mix is not much 
affected by the presence of water except in one case. The 
presence of water thus helps to he ep the solid particles apart 
by feruling the bridges between the solid particles. The measured 
bullc densities of materials having water content of 4-8 pet. are 
in the range 1.5-1. 7 g./cc compared to the reported , values of 
1 .35-1.40 g/cc for coarse iron ore particles and 1.1 - 1.2 for 
the fine concentrates by Eketorp. This could be due to the 
large size distribution of the solid particles in the present 
work as the fines tend to pack in the interstitials of the big 
particles. Improvements in the permeability of the bed due to 
water additions are also much less than those reported by Eketorp 
Expected increase in the bulk densities and decrease in the 
permeability of the bed above 6-0,4 moisture content were also 
not observed in the present work. 

6.2 Forced dr aft sinte ring 

6.2.1 Pressure and temperature responses s Tie results of the 
pressure and temperature responses measured were similar to 
those reported by Rao. Pressure drop across the bed for constant 
flow rate of air increased to high values as soon as the process 
of sintering was initiated. The pressure drop remained more or 
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Tabl e 9 


9 m i Col^culated "oorosity values for oifferc 

nt sinter mixes 

P7o 

q r ;r- 

r i^ 

r 2 % 

£ % 

0 

0 

0 

0 

54 . 

4 

0 

0 

0 

50.85 

0 

0 

0 

0 

2 

0 

12.5 

0 

0 

47.17 

4 

12.5 

0 

0 

51.2 

8 

12.5 

0 

0 

51.68 

0 

12.5 

20 

0 

53.3 

4 

12.5 

20 

0 

45.74 

o 

o 

12.5 

20 

0 

45.60 

0 

12.5 

0 

20 

51.29 

4 

12.5 

0 

20 

40.04 

0 

12.5 

0 

20 

47.1 

loss constant for 

a brief period 

and thereafter 

it started 

decreasing with ti 

ie . rogress of 

sintering and reached 

a steady 


value at the end of the sintering of the bed. Pressure drops 

't &v 

across the bed of green sinter ioix and the wintered mass were 
almost same as for the empty tube without any material signifying 
that these materials did not offer any resistance to the flow of I 


gases 
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Pressure drop responce measurements across the upper 
portion of the bed (ban I) followed similar pattern except that 
it rcac ied steady value as soon ns the sinter zone moved across 
this region, for air flow rate of 40 lit min, pressure drop 
across the whole bed during the process of sintering was of the 
order of 0.5-1 cm of Mg except in SIM V which was characterised 
by high pressure drop of 0.5-2 cm Mg (20-30 of IhO) . Mor higher 
air flow rates of 60 lit/min the pressure drops across the bed 
were of the order of 1-2 cm Hg (15-25 cm K^O) and there was rapid 
increase in the pressure drop in the initial stages of sintering 
and thereafter it decreased constantly to the steady values, 
sintering of the material at high flow rates also resulted in 
higher peak temperatures as measured by the three thermocouples 

compared to those with lower air flox. T rate of 40 lit/min. 

(lu 

The increase in^resistance to the flow of gases can be 
attributed to the following . 

. Increase in temperature of gases resulting in Higher 

velocities during the sintering process. 

2 # Expansion of solid materials on heating, thus decreasing 

the voids. 

3 0 Rearrangement of the bed material s cue to evaporation of ; 

moisture, calcination of fluxes, removal of fine particles 


etc. 
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L'oruidtion of a fluid slag in the sinter zone may increase 
the permeability as the solid shrinks on melting and voids are 
created, quantity and the type of liquid slag formed is thus 
important, higher temperatures of gases and solids in the 
vicinity of ;'00-~lQ00""J without any formation of the liquid slag 
result in higher pressure drop across the bed as measured in 
experiment GIN V. the same thing could occur in -the initial perio 
of other experiments where the liquid slag might not have formed 
due to insufficient preheating of the air and -the burden. As 
soon ns the liquid slag is formed in the sinter zone, pressure dr 
starts decreasing due to increase in the voids caused by the 
fusion of materials. The sintered product on cooling is quite 
X^orous and does not offer any resistance to flow of gases. 

5.2.2 pjLntejr ^pa_lity a In the present work quantity of the 
sintered material in the product was observed to be around 50% 
only in most of the experiments except in -SIP V and SIN VI in 
which 20-25 i material was sintered and in SINK 65% of the 
m.torial was in the sintered form. Earlier investigators have 
reported the yield in the order of 50-55 %. The effective yield 
of sinter can be defined as the material remaining abo^e 5 mm 
size after dropping it once from the height of 2 m and this can 
be exoressed in the following form ; 

EY -- Yield x (SI) 
where, EY - Effective yield ? 


Sha tte r index . 
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li/i" 1 er all tii c- experiments of sintering 
ur- tfe*„ 

/'hero the peak temperatures recorded by, 3 

snown therein for the comparison purposes 

following observations from the effective 


is shown in Fig. 27. 

* » #■"' 

thermocouples are also 
. One can make the 
yield data : 


1* is necessary for the bed to reach a temperature of 1150°C 

or so, for it to he sintered in presence of fluxes in the 
mix . 

2. In absence of fluxes in the mix, the bed must attain a 

te pe nature of around 1300 C to get a good sintered product. 

3 t Dolomite in the mix decomposes faster and ahead of the 

sinter zone, and the maximum temperature attained by the 
bod are thus high and DY is satisfactory even at low flow 
rates of air. 

4 . Cal cite material is known to decompose at a slow rate and 

if present in large quantity, it may not get calcined 
ahead of the sinter zone at low flow rates of air. In 
such cas s combustion of carbon in sinter zone and calci- 
nation of duxes occur simultaneously and tom era Lure - -of 1 

the beds may not attain the temperature of 1150'' C which 

v> _ 

ftre needed for fusion of slag and bond formation. Such 

teds give low DY values (SIl'j V) . 

The process analysis of the sintering to describe, -the 
effects of the sinter zone velocity, fuel content of mix, fluxes 
in the mix, moisture content etc. is given in the next chapter. 




Fig. 27. Plots showing the peak temperatures in the bed and. effects 
yield tor the sintering experiments. 
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6.3 A r .°. n . il re sinters 

it is well known that 'the reductibility of the sinter is 
improved with increases in the sinter basicity due to the supp- 
ression of: the fayalite (2FeO. 0 . 162 ) phase and the formation of 
the calcium ferrite. Reduction strength is also known to improve 
with the increase in CaO/diC^ ratio of the sinter. Presence of 
HgO is known to (promote the formation megnesio spinel and it 

suppresses the formation of CaO.Fo^O and hence it reduces the 

3 

reducibility slightly. Moreover in sinters Fe 2 0 3 , Fe^O^, or FeO 

may not be present in pure forms and the equilibrium Pe-C-0 or 

Fc-H-O diagrams (Fig. 20 ) may not be applicable to underst nd 

their reduction behaviour. 

17 

Seth and Ross had proposed the following mechanism for 
reduction of sinter containing calcium ferrites. 


(1) Dicalcium ferrite is reduced by H 2 as follows 
2Ca0.Fe 2 0 3 >' 3^2 = 2CaO -j- 2Fe -f- 3l; 2 U f ^"1 ” 


p 


ri 2 ° 


P IL 


( 2 ) Ihe spent gas from above, reduces any free X} ^ 2 °3 1:0 Fe0 


(3) 


as follows 


3 1I 2 


TO. 


2FC 3 G 4 4- H 2 u 


K, 


K 2° 


2 p„ 

f t A 

K- 


2Fe^0^ -f II 2 = 3FeO -f i^O ^3 

CaO and FeO combine to form dicalcium ferrite 


2CiO ^-3 


3FcO 


2Ca0.Fe 2 0 3 Fc 


! 
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The reduction of FeO by J-I 2 may require higher concentration 
of H 2 in the gas than for the reduction of 2Ca0.Fe 2 0 3 . Also 
tho reduction of 2CaO.Pe 2 0 3 phase may be occurring at faster 
rate compared to the reduction rate of FeO. 

These aspects can be studied by the reduction of the 
material in a shaft. If a gas is passed at a slow' rate, it can 
be expected to roach equilibrium with respect to the solid phase 
and the estimation of the exit gas composition can tell about the 
extent of the reduction occurring in -the shaft. 


. ■'! node : 1_ Jor _ jshafjt jredu ction of_ jLron _or e 


Consider the reduction of 1 n : moles of Fe 2 °3 in the 
by passing I-I 2 at the rate 1 mole, mm. fne shaft gets divided 

into different zones of Fe 3^4' anc ^ Fe -*- a y srs ^ e P en " 

ding upon the. equilibrium gas composition with respect to various 


phases, 


'A II, 


Let a 1 , a 2 and a 3 be the % fraction at equili- 

brium tor reduction of FeO, Fe^C^ and Fe 2 0 3 phases respectively. 
Then the proportion of different oxides in the system will change 


as follows 


3Fe 2 0 3 H 2 

Fe 3 o 4 : H 2 


FoO 


II, 


2Fe 3 0 4 II 2 0 ..00 

3 FeO H 2 0 

Fe ; H 2 0 ..(C) 


Fe 2 0 3 


Fe 3°4 


?e0 


Fe 


t 

100); lb 
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From l'q. (a) ’ 


From t'Jq. (b) 
&. (a) 


From .i-q. (b) 
& (C) 


d n„ 


'e„0. 


dt 
d n 
dt 


e 3°4 


d n 


FeC 

dt"~ 


d n„ 
F_e 

dt 


" 3 (a 2 - a 3 ) ; 

2 (a ? - a 3 ) - (a 1 - a 2 ) 

3 (a 1 - a 2 ) - (1 — a^) 
(1 -• a^) 


Time taken to reduce Fe 2 0 3 completely to Fe 3 C> 4 is 


t„ 


n Fe O 

J 7.2 .3 „ 

3 ra" 2 -*a 3 ) 


The exit gas compsotion will correspond to value a 3 till time t^ . 
Thereafter the gas composition will correspond to the value a 2 
till time t 2 which is given as 


.. ^l " a 3 \ " ^ a l ~ a 2 ^ J _ . 2 _ < '. a 2“ a 3^_ 

* ' (a^ - a 2 ) " "Ta^-a^T ,t l 


After dime t 2 , the bed will consist of only Fe and FeO phases. 
The time for complete reduction of FeO to Fe would be given as 
follows • 

2 n T? e 0 
■ e 2 u 3 

t 3 := Tl'-'a^T 


For t 2 < t < t 3 / the gas composition will remain at a^ and there- 
after H 2 will leave without talcing p u rt in any reduction reaction. 
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For reduction o£ pure Fe 2 0 2 by pure H at temperatures of 600, 

700 and 750 ‘‘C, the plots of the calculated exit gas composition 
versus time are shown in Fig, 19 and compared with the experi- 
mental data at 750°'C. Total time for complete reduction matches 
with the calculated value for 600 °C rather than for 750 °C sugges- 
ting that the bed got cooled to 600 C C or so when H 2 9 as was 
passed through the bed. The- material was heated to 750 -C in the 
furnace before the start of the experiment but its temperature 
inside the quarts tube during the experiment was not measured. 


S . 5 2y alu,' ition_ of. .data of. reducibilit^^ 

I,et V. and V 0 be the amounts of IL, passed from the bottom 
12 z 

Cjp 

and I ±2 collected at tO]s 41 v -- V 2 * v’ftiere V is 

quantity II 2 consumed in the reduction. The flow rate of H 2 being 

passed is kept constant and hence can be found by knowing the 

flow rate and the time duration. The flow rate of II 2 9J as 

fyp'rr* 

outlet changes with time and V~ 2 can be found 5«fr the area unaer 
the olot of II 0 flow rate versus time, height loss occurs due to 
the removal of oxygen atoms by H 2 . Hence weight loss from the 
II 2 gas flow measurements can be determined as follows 


loss 


moles of II 2 consumed x 16 gms 
^consumed 


'22400 


Inlet flow rate may be corrected to match the calculated weight 



loss wi Lh the actual weight loss obtained after the end of 
eJt'Griraent . weight of I^O collected is due to forraation of H 2 0 
in the gas and can be determined as follows - 


VA 


n 2° 


TT consumed 



22400 


gras . 


This gives an independent check on the reliability of the weight 
loss data. It may however be not oossible to collect all the 
TI^O in the gas and some may be absorbed in Cacl 2 tube in the exit. 
Ilaximum weight loss for complete reduction of iron ore is given as 


w 

max 



Fe) 


rna te ri al 
100 7 *56 



(. 

\ 



material 


16 


where, a. Te in the bed material = / Fe in iron ore x (f ) 

ox o 

f can be obtained from the proportions of different materials 
ore 

in the crucible or sinter mix. 

The estimated wieght losses are compared with measured 
values in Table 10. The degree of reduction R has been obtained I 
as follows 

^ _ 'loss (actual) _x JLOO 

'loss (max. estimated) 

Calculations show ” 2 gis being passed at the rate : 


830_ 
’224 00* 


0.04 ole. 'lain . 
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will absorb (0.04 x 7 x 600) - 160 cal,. 'min. for getting heated 
to 600°C. in the bed consists of (50 grns of Iron ore 200} gms 
of preheat medium) , its temperature will decrease at the rate 


1S8_ 

. 250" xO '2‘?r 

' 1 rb 


3^3-^C/min. 


Ihc lied can loose temperature by 100-200 when the gases 
i J 2 or ^2 are passed for flushing the system ore reduction purposes 
Temperature picJ: up by the bed for the furnace may not match with 
temperature loss by the bed. These experiments must be carried 


out over a larger size. of bed or at a lower flow rate and the 
exact temperature of the bed should be measured simultaneously. 
These things could not be made possible in the present work 
due to the limitations posed by the diameter of the quartz tube. , 
Additional experiments were done at low rate of about 0.02 mol/ rain 
of II ? gas . Comparing the results of the reducibility experiments 
on different types of materials one can however make the foil— 
owing observations; 

1. for dolomite and cal cite based compounds of iron ore or 

the sinters, the initial exit gas composition is much 
more than zero % H 2 corresponding to equilibrium value 
for the reduction of Fe 2 0 3 to Pe 3 0 4 . In such cases, the 
outer layer of the particle may be coated by a solidified 
layer of the Ca0.fe 2 0 3 phase and this gas is never able 
to reach the equilibrium composition with respect to 
Fe 2 0 3 in the solid. 
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T-hG lost stage of reduction (7—3 0‘,4 ) of any material other 
than the iron ore is marked by high H^O) ratio 

in the g,,s of the order of 0.9 - 0.S2. This could be due 
to either lowering of bed temperature to less than 600 C C 
e of 2ie0 „ iic^ layer in the bed which is very 
to reduce by gases. Proportion of fayalite in 
the bed will depend upon the type of material used in the 
reduction experiment. In acid sinters , "TFeO is high and 
hence the degree of reduction achieved is less compared 
to the basic sinters. Low degree of reduction for RED 3 
is due to insufficient period given for reduction rather 
than the presence of the fayalite phase. 



3 . host of the sinter materials exhibit a constant exit gas com- 

position in the range of 70-75 '% for a long period of 1 

v> 

hour or so. This range also present at the start of the 
experiment RED 4 (fayalite) and also in RED 1 (hematite 
ore) for a very short period. This can be due to the ’ 

presence of free FeO phase which results from the reduction 
of higher oxides of iron to FeO in the bed. The FeO 
formed during the reduction of the material at 600-700’C, 
does not combine with Si0 2 to for™ 2Fe0.8i0 2 phase and 
hence its reduction pattern is different from that of the 
pre-reduced FeC in the bed material where it will be 
present mostly as 2FeO.SiO . The range of 10 - 15 % II 2 in , 

t,ie exit gas agrees with the gas composition value at 
equilibrium with FeO & Fe phases at temp. 600— 700 °C. \ 
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CHAPTER VII 


PROCESS ANALYSIS OF SINTERING 


In this chapter attempts are made to analyse the sintering 
process by making overall material and thermal balances and by 
examining critically the thermal requirements of the sinter and 
calcination zones separately for achieving good quality sinters. 

7.1 OVERALL HEAT BALANCE 

The major source of heat in the sintering process is due 
to the combustion of carbon to CO and C0 2 » A part of heat 
evolved is lost to the surroundings during the sintering process, 
a part is consumed in the evaporation of moisture and calcina- 
tion of fluxes in the mix, and rest is used in raising the 
temperature of the sintered mass and the exit gases. The average 
temperatures of the gases and the solid bed are estimated from 
the measured temperature responses (i.e., figs. 10-18). Amounts 
of air passed and gases generated are theoretically determined 
from the combustion reactions, calcination of fluxes and 
evaporation of moisture as stated below. 

The reactions occur ing in the bed are as follows s 


SINTER ZONE C 

!- 0 2 

C° 2 

(1) 

C 

^0 2 = 

CO 

(2) 

3Fe 2 °3 

-r CO 

2Fe 3 0 4 -!- C0 2 

(3) 

Fe 3°4 

co « 

3FeO + CO 2 

(4) 
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(CALCINATJ ON i DRY) 

CaC0 3 CaO C0 2 

(5) 

ZONE 

M<JC0 3 - I'lgO ’ CO 2 

(6) 


H 2 0(1) - 'H 2 0(g) 

(7) 

REOXIDATION OF 

3 FeO : %o = Fe-0 , 

(8) 

SINTERED MASS 

z 3 4 


2Fe 3°4 : k0 2'\ 3Fe 2°3 

(9) 


If n 


o' n CaC0 ' "MgCO ' n R-0 are the respective moles of 

O O u 

carbon/ caCO^/ MgCO^/ H 2 O in the bed and r the degree of reoxi- 
dation of the sintered mass/ and carbon in the bed is assumed 
to produce CO and CO 2 in equal proportions by reactions (1) 
and (2), then overall material balances ^?ield the following s 


Total moles of C >2 consumed 
Total moles of air passed 

Total moles of gases 
produced 


= (0.75 

= (0.75 


0.25 r) 
0.25 r) 


n c (10) 

_ „ 100 

c* (‘J^T^rr 


( 11 ) 


f 

I /3/7C-r~' “(0 . 75 >0 . 25r) 
wU0 2 j air 


J 


c n CaC0 3 : ‘ n MgC0 3 " i " n H 2 ° 


( 12 ) 


The results of calculations for the conditions in all the 
sintering experiments are given in table 11 . The thermal data 
used in making these calculations are given in Appendix. Weight 
of FeO in the sintered mass is calculated as follows 

n _ = (1 - r) n moles 

x FeO c 

where r is degree of reoxidation. It is calculated that 0.5 mole 
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of CO produced by 1 mole of carbon combustion reduce# 0.6 moles 

of Fe 2 °3 to give °* 9 rnoles of Fe0 and °* 1 moles of Pe 3°4 or 
1 mole of carbon in combustion produced exactly 1 mole of Fe 
ions in the bed and r fraction * get reoxidised to Fe during 


cooling 
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Table 11 i, Ov e r a_l 1^ mass and heat, balances in sintering e xperiment s 


Mass I 

Bal ance 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

INPUT 









n (moles) 9.10 
c 

9.18 

9.18 

9.18 

9.18 

9.18 

9.18 

9.18 

9.18 

n H 2 0 ■' 6 * 25 

6.25 

6.25 

6.25 

6.25 

6.25 

6.25 

6.25 

6.25 

n CaC0 3 ’’ 0,924 

1.848 

2.39 

1.47 

2.94 

— 

1.848 

2.94 

— 

n MgC0 3 ,: 0,67 

1.3 7 

0.67 

- 

- 

- 

1.34 

- 

- 

r( assumed) 0.7 

0.9 

0.9 

0.7 

0.9 

0.5 

0.9 

0.9 

0.5 

n . (rnoles)40.24 

axr 

OUTPUT 

42 .62 

42.62 

40.24 

42.62 

38.2 

42.62 

42.62 

38.2 

n exit gases 

(moles) 46.07 

Estimated 
weight of 

40.45 

48 .45 

46.07 

48 . 45 

44.03 

48.45 

48.45 

44.03 

sinter (g) 1620 

1730 

1730 

1640 

1730 

1590 

1730 

1730 

1590 

%FeO in 

sinter 12.24 

(calcul ated) 

Heat 

balance 

INPUT 

3.80 

3.80 

12.10 

3 .80 

20.73 

3.80 

3 .30 

20.78 

Average 133 

temp, of 
gas ( L 'C) 

125 

91 

111 

162.5 

159 

135 

115 

250 

Average 700 

temp, of 
the bed( °C) 

805 

775 

610 

610 

690 

737 

725 

885 



Table 12 ; Continued 



I II III IV V VI VII VIII IX 



C to C0 2 
(Kcal) 

431.7 

431.7 

431.7 

431.7 

C to CO 
(Kcal ) 

120.48 

120.48 

120.48 

120.48 

Heat of 

reduction 

(Kcal) 

-0.5 

-0.5 

-0.5 

-0.5 

Heat of 

222.3 

285.86 

285.86 

222.3 

reoxidation 




(Kcal) 





Total 

(Kcal) 

773.98 

837.54 

837.54 

773.98 


431.7 431.7 431.7 431.7 431.7 

120.48 120.48 120.48 120.48 120.4: 
-0.5 -0.5 -0.5 -0.5 -0.5 

285.86 158.8 285.86 285.86 158.8 

I 

837.54 710.48 837.57 837.57 710.4 


Heat 

demand 


Heat of water 
evaporat- 
ion (Kcal) 71.82 71.82 71.82 71.82 71.82 71.82 71.82 71.82 71.82 


Heat of flux 

decompo- 57.25 114.5 121 63.75 127 

sit ion (Kcal) 


114.9 127.5 


Sensible heat 
of sinter 

(Kcal) 268.56324.09 271.7 230.82 245.82 251.98 295.95 291.88 325 

Sensible heat 
of gases 

(Kcal) 53.1 50.7 36.33 44.94 67.6 62.46 54.76 47.84 ' 93.2 


Total 

(Kcal) 450.7 561.1 500.85 411.33 512.5 336.20 536.98 539.03495.1 


Heat loss 
by deficit 
(kcal) 


323.28 276.47 336.72 362.65 325.07 324.24 300.59 298.5 215. 
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These results show that around 4 0 % of the heat produced 
by the combustion reaction is retained by the bed material as 
its sensible heat, 5-10 % of the heat is picked up by the outging 
gases at the end of the sintering process around 9 % is consumed 
in evaporation of the free moisture and rest is consumed in the 
calcination of the flux and as heat losses to the surroundings 
by convection or radiation. Estimation of the average temperature 
of the sintered mass and the flue gases may be subjected to errors 
and hence heat balance may not be satisfied in some cases. 

There are large variations in the calculated heat losses due to 
these reasons , Even the assumption that C reacts with oxygen 
to produce CC and C0 2 in equal proportions and the assumed value 
of the degree of reoxidation may not be correct. The overall 
heat balance is thus not very useful in analysing the sintering 
process. Attempts are made to analyse the process by making 
zonal balances in the following section. 

7 * 2 Eonal ba lance in sintering 

Cold air continuously passes througn a bed or hot sinter 
and gets preheated to a high temperature before taking part in 
the combustion reaction in the sinter zone. The hot exit gases 
from the sinter zone cause calcination of the carbonate materials 
in the bed lying just below the sinter zone. The gases from 
the calcination zone are cooled further due to the evaporation 
of moisture in the mix and the heating of the dry material to the 
calcination temperature of the carbonate material. The water 
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vapour content of the gases is around 15% and its dew point 


would be around 50 J C. Gases leaving the dry 
zone would cause preheating of the wet zone to the 
clew point duo to the condensation of HgO vapours 
in the wet zone. 


Let the sinter zone move with a velocity C^) 


cm/min. , 


in the unit having cross sectional area A 


an , and height U cm, and the bulk density of the 

3 

a/ cir 
O 


green mix be j : ' Q g/arf 


Let f c , f CaC03 ' f ligCC, 


and f j Q be the weight fractions of carbon, CaCO^, 
2 

Kg CO ^ and 1^0 respectively in the bed. 


, , 






• 2-cWC 


■Z.O nE 




The rate of material being sintered = A -1j“ * g/min 

f 

Carbon being burst per unit time = ft = A ^ . 


fo *rS ( 


moles v 
min 


7.2.1 Sin te r zon e heat bal ance 

Sensible heat of incoming air to the sinter bed 


Q 


SZ 

supply 


>" C P . <V 25 > 

^air 


Heat of reaction A H 


SZ 

*1 


R 


" ( - & H C 0 2 • 6 A H ]?e 2 0 3 ““ • “ “Fe 3 oy ” • '““FeO ' 


■ 0 - lAH Fe 3 O 4 - 0 ’ 9 i H Fe0 :i;i ; 

Cal/'min . j 

Sensible heat of the gases leaving the sinter zone s ! 


°* 79 (0.75 0.25 r) :-lJ n. C . (T 2 -25) Cal/min. 


0.21 


gas 
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Heat for raising the temperature of the solid 


SZ 

'2 


12__n c 

£ c ' p solid" " SZ ■ * 3 ' 


.(T c ^ . T-) 


0 


f H 2 0 " °* 44 f CaC0 3 


- 0.52 f. 


Mg CO, 


1 


f j Cal/min. 


Heat for fusion = W.n.^H 


where , r 

# 

n 

T 

3 

T, 

i 

T. 


T 

SZ 

C 

P air 


C 

P 


gas 


degree of reoxidation 

rate of carbon burnt at any particular instant 
in moles/min. 

Temp. of the preheated air 

Temp, of the gases leaving the sinter zone 

Temp, of the sinter bed at the start of 
combustion zone 

Temp . of the sinter zone bed material 
average specific heat of air in Cal/ t C/mole 

'average specific heat of gas in Cal/ 1 -' C/mole 


The heat losses are difficult to estimate as it can loose 
heat by conduction in the axial directions of the steel tube 
as well as by convection and radiation to the surroundings. 


If a part of CaCO^ in the bed is left undecomposed before 
the sinter zone moves there, a part of CaCO^ is decomposed in 
the zone of sintering then. 


Heat of calcination, 


12 n 
100 f 


'CaCO, 


(T 0 -T_) ) 
C0 2 2 3 


g (42500 ;• (C 
1? 
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where, g is the fraction of carbonate mix decomposing in the 
sinter zone. 

The heat balance in the sinter zone therefore is v 


0.75 0.25 r 


0.21 


c IT - 25) ,-A H 
1 air 


jO. 7 5 
i— 0 . £. 


Ch25 J£ 
21 


!• C 


0.25 (1-r) 

12 


gas 


(T 2 - 25) 


(T - T ) ( 1 _ f _ 0 44 f 

p^./sz 1 3 ) f r H o 0 U *^ r CaCO_ 

r solia c 2 3 


- 0.52 f 


ligCO. 


f c> 


:• f raC0 .g. (42500 :• c (t - T )) 

L c ~ aUJ 3 P C0 2 


'»7 Cs H, 


Q 


loss 

n 


T„ and 1’ are high if 

(l) is high, (2) g is small, 

small, (5) f is large, (6) 


(3) 4 is small, 
f„ nr . is small 


(4) Q 


loss 


is 


In the bed just above the sinter zone the liquid slag 
solidifies and releases its heat of fusion which is picked up 
by the incoming air. Hence the quantity of slag formation would 
not really affect the T 2 or T gz but on the other hand it will be 
affected by the value of T gz and the composition of the mix. 
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7.2.2 (Calcination 


zone 


Here gases enter at high temp, of T£ but leave the zone 
at the dew point . Carbon in the bed in this zone is assumed 
to remain unaffected. Fluxes decompose and water gets evaporated 
in this zone. 


CD 

'-'supply 


n 


0.7_9 (0.75 ; 0.25 r) 

*Oi 



f CaCOo 
g .„ 3 


c 




(T 2 -T Dp ) 


This heat is picked by raising the temperature of solid 
from T [J] , to evaporation of moisture, calcination of fluxes 

besides the losses to surroundings. Assume the zone to move 
at the same velocity as the sinter zone. 


Heat for raising the temp, of the solid is ; 

« (1 - f H o - f CaC0 ” °* 52 f MgCO ^ * 

2 o J 


12 n 
“ f * 


: (t_ 

p solid 3 


T ) 
DP' 


Heat for calcination is 


0 


CD 


12. n 
”f " 


’CaCO, 

'“Too' 


(l-g) 42500 


'MgCO. 


24000) Cal/min 


MgC0 3 . 


42500 Cal is heat calcination of CaCO^ and 24000 that of 



87 


Heat for evaporation of moisture is », 


,'jCD 


12 ft 

"T~“ 


(f^ q. 540) ? Heat losses 
2 


:: °4 u loss 


' where , fij q is weight fraction of HgO in the bed during the 
sintering process and it may not be same as the initial moisture 
content of the bed due to increased condensation of HgO vapours. 

7.2.3 Prehe ating of we t zone to _dew point 

Heat is required to raise the temperature of the bed from 


room temperature to T^p and heat is supplied due to condensation 
of 11^0 vapours and sensible heat of the incoming gases at T D p* 


heat balance 


^ ^ ^ i-j o 11 

Q IQ 

540 . ( (0.75 h 0.25 ;• 1 

r 0.21 


f CaC0_ f hgC0_ f — \ 

,3 .1.2. ) Cp qTjjp — T Rr ) 

100 84 ; ’ 


K C P S olid " (1 ' DP ' Trt) 


12 n 


where K is relative velocity of the prehat zone to sinter zone 
velocity .and 

Discuss ion of z onal he at balances : 

Calculations show that the preheat wet zone would move 
at a velocity 5-6 times the sinter zone velocity and hence the 
material should got preheated to dew point temperature of 50°C 


(Contd. „p.92) 
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Table 12 •: £>ampl_e_ _calculations f or various fuel rates in the mix 
f c " (All the valu.es of heats are in Kcal/mole of carbon) 


(Calcination 


i- Dry) Zone 

’ (1) 

f CaC0 

=0 

g = o 

(2) 

f CaC0 
= 0.05 
g " o 

(3) 

f CaCO 
=0.1 J 
g = o 

(4) 
CaCO- 
= 0.1 
g= 0.5 

(5) 

± CaC0, 
=0.15° 
g = 0 

( e) 

CaCO„ 

= 0.1§ 
g = 0.5 

_ CD 

Q 

Supply 

40.246 

51.405 

51.405 

51.567 

51.405 

51.648 

>CD 

U 1 

45.144 

44.098 

43 .053 

44.098 

42.007 

43.575 

i^CD . 

**2 

0 

5.1 

10.2 

5.1 

15.3 

7.65 

a) 

7.8 

7.8 

7.8 

7.8 

7.8 

7.8 

CD 

W 4 

4.9 

5.1 

5.1 

5.1 

5.1 

5.1 

''Demand 

57.82 

62.074 

66.153 

62.102 

70.207 

64.125 

SINTER ZONE 






of 

50.158 

52.357 

52.357 

52.357 

52.357 

52.357 

,,SZ 

U 2 

16.63 

16.225 

15.818 

15 .718 

15.412 

15.412 

SZ 

u 3 

0 

0 

0 

5.64 

0 

8.46 

Q SZ 

4 

5.9 

5.9 

5.9 

5.9 

5.9 

5.9 

^Demand 

72.688 

74.48 

74.075 

79.715 

73 .669 

82.12 

^Reaction 
(50% CO, 
50% C0 2 
basis; 

59.4 

59.4 

59.4 

59.4 


59.4 


Contd 
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Table 12 Continued 



0) 

(2) 

(3) 

(4) 

(5) 

(6) 

sz 

^Supply 

0.033 

(T^-25) 

0.035 

(T^-25) 

0.035 

(T^-25) 

0.035 

(T^-25) 

0.035 

(T^-25) 

0.035 

(T^-25) 

T^-25) 

402.6 

428 

416 

576.6 

405 

645 

% FgO 4tr |&<6 

( Calculated) 

10 

3.5 

3 *5 

3 ."5 

3 3 


f « 0.06 
c 


(Ca lcinatio n 
dry) Zone 


<P 

Supply 

49.246 

51.405 

51.405 

51.54 

51.405 

51.607 

Q0 

■ 37.62 

36.75 

35.877 

36.75 

35.006 

36.31 

CD 

J 2 

0 

4.25 

3.5 

4.25 

12.75 

6.375 

r ,CD 

Q 3 

6 .48 

6.48 

6.48 

6.48 

6.48 

6.48 

..CD 

°4 

4.9 

5.1 

5.1 

5.1 

5.1 

5.1 

^Demand 

49 

52 .58 

55.957 

52 .58 

59.336 

54.265 

SINTER 

ZONE 






Q? Z 

50.150 

52.357 

52.357 

52.357 

52.357 

52.357 


Contd . . . 
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Table 12 ; Continued 



(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

,«sz 

~2 

13.7 

13 .36 

13.028 

13.028 

12.69 

12.69 

sz 

L 3 

0 

0 

0 

4.7 

0 

4.7 

_S3 

°4 

5.9 

5.9 

5.9 

5.9 

5.9 

5.9 

''“‘Demand 

69.758 

71.617 

71.285 

75.98 

70.947 

75.65 

{ ) 

reaction 

59.4 

59.4 

59.4 

59.4 

59.4 

59.4 

a sz 

Supply 

0.033 

(Tj-25) 

0.035 

(Tj-25) 

0.035 

(T*-25) 

0.035 

(Tj-25) 

0.035 

(T*-25) 

0.035 

(Tj-25) 

(T^-25 ) 

313.8 

346 

337 

470 

327 

461.2 

%FeO 

20 

12 

4.2 

4.2 

4.2 

4.2 

#—■* 

f =0.07 
c 







..( Cal ci n a tip nt 
dry) Zone 






Q cd . 
supply 

49.246 

51.405 

51.405 

51.52 

51.405 

51.578 

CD 

U 1 

32.245 

31.498 

30.75 

30.75 

30.005 

30.005 


0 

3. 64 

7.285 

3.642 

10.928 

5.464 
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Table 12 :: Continued 



(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

qCD 

3 

5.55 

5 .55 

5 .55 

7.405 

5.55 

7.405 

o5 D 

4 

4.9 

5.1 

5.1 

5.1 

5.1 

5.1 

0 

Domand 

42.69 

45.70 

43.655 

47.54 

51.533 

48.97 

SINTER ZONE 






SZ 

‘ ,j l 

50.158 

52 .357 

52.357 

52.357 

52.357 

52.357 

, SZ 

J 2 

11.6 

11.325 

11.035 

11.035 

10.744 

10.744 

..SZ 

•‘3 

0 

0 

0 

4.220 

0 

6.042 

" : 4 

5.9 

5.9 

5.9 

5.9 

5.9 

5.9 

demand 

67 .658 

69.58 

69.29 

73 .32 

69.001 

75.043 

f \ 

^reaction 

5‘>.4 

59.4 

59.4 

59.4 

59.4 

59 .4 

r .SZ 

supply 

0.033 

(TJ-25) 

0.035 

(Tj-25) 

0.035 

(TJ-25) 

0.035 

(TJ-25) 

0.035 

(TJ-25) 

0.035 

(TJ-25) 

(r,'~ ?<<r ) 







°/o 3?eO 

23 .8 

14.6 

5 

5 

5 

5 
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within 5—6 minutes from the start of the sintering process. 
Thereafter the gases of the bed would remain at dew point till 
the dry/calcination zone reaches there. For simplicity/ the 
(calcination I- dry) zone is assumed to move at the same velocity 
as the sinter zone, 

* 

Sample calculations for different terms of heat balance 
, “V /ciVv 

i£ the -outer zone as well as in the (calcination I - dry) zone of 

the bed are shown in table 12 for varying proportions of fuels 

and fluxes in the bed. The (calculation dry) zone is assumed 

to be seperated from the sinter zone by the 950°C line. Sinter 

zone temp, is assumed to be 1300 °C for acid sinters at 1200°C for 

/jL 

fluxed and superfluxed sinters whi oh gase s gases in this zone 
are assumed to reach temperature of 1400°C. The degree of 
reoxidation is assumed to be 0.5 for acid sinters, 0.7 for fluxed 
sinters and 0.9 for super fluxed sinters to give 15% FeO in acid 
sinters, 10% in fluxed and 3.5'% in superfluxed sinter which seem 
to be of correct orders. One can make the following observation 
from these calculation^ 

(1) The required carbon content of the bed cornes to be around 

S' 

6% by weight for acid sinters to preheat the bed &£ 950°C in the 
dry zone for beds containing fca®5 wt.% moisture and heat losses 
assumed as 10% of heat given by hot gases in this zone. For 
greater heat losses and greater consumption of water, the carbon 
requirement would increase. 
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(2) For 6 wt.?4 carbon in the bed for producing acid sinters, 
the sinter zone can reach temperature of 1300°C if air gets 
preheated to around 300°C before reaching the sinter zone. It 
will got preheated to still higher temperature by the heat released 
due to the solidification of the molten slag in the sinter zone. 

The heat requirement for the sinter zone can be met by lower fuel 
rate provided air get preheated to higher temperatures but then 
the thermal requirement of the (calcination dry) zone will not 

be satisfied. If the bed material does not rise to 950°C in this 
zone, heat demand in the sinter zone for the bed to reach temp, 
of 1300 'C will increase, thereby requiring extra fuel. 

(3) /v s air gets preheated to higher and higher temperatures 
with progress of sintering, more heat is made available for the 
bed in the sinter zone and temperature may even exceed 1300°C 
in some cases. Dry zone temperature may also exceed 950 C and 
some carbon in coke would react wilK CC> 2 to produce CO. 

In such cases the assumption that C burns to produce 50?6 CO and 
50 % CO 2 may quite justified. Available carbon iSh the sinter 
zone decreases and thermal stability is restored. CO formed can 

result in prereduction of FE 2 0 3 to Fe 3 C 4 and Fe0/ and Fe0 forined 
can combine with 8i0 2 to form 2Fe0.Si0 2 which molts at 125 0°C or 
so. This phase is dfeficult to reoxidi se<^ . 

1 v^-> 

4. For fluxed sinters, the amount of carbon <8 the bed should 
increase to satisfy the thermal requirement of the (calcination i- 
dry) zone. Due to presence of fluxes, the bed temperature does 
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not increase more than 9 5 0 C , eventhough the gases are at higher 
temperatures of 1400°C. Only when the flux has decomposed 
completely the bed temperature starts rising in the sinter zone. 

In such cases loss of C by its reaction with CC> 2 will be small. 
Thermal requirement of the sinter zone are satisfied easily if 
the air gets preheated to 300"C or so before coming in contact 
with any liquid slag, a part of the bed material starts melting 
at 1150-1200"C due to the formation of CaO,Fe 2 G 3 or Ca0.2Fe 2 0 3 
and the bed temperature may not rise further till all lime is 
consumed in the formation of slag. The preheating of air is 
enhanced due to reoxidation of any FeO or formed in the 

sinter zone. The fuel rate for fluxed sinters are mainly determinec 
the heat requirement for the (calcination dry) zone. 

5. If gases from the sinter zone do not carry enough heat to 
meet the thermal requirements of the (calcination -!- dry) zone, the 
carbonate materials would not be fully decomposed in this zone. 

The decomposition of the remaining carbonate material would 
occur in the sinter zone, thereby consuming the heat. This 
will require extra fuel for combustion to produce heat or the 
material would not reach the sintering temperature of 1200°C. 1 

This phenomenon can also occur if the nature of carbonate material | 

| 

is such that it is difficult to decompose. | 
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8 * 1 SHSESEy. . conclusions 

It can be concluded from the present work that the basic 
studies on the production and testing of fluxed and 
superfluxed iron ore sinters can be carried out in a forced 
draft sintering unit. The reduction behaviour of the iron ore 
or the sinters can be studied to some extent by measuring the 
exit gas composition. This was made possible in the present 
work by condensation of the H 2 0 vapours in the exit gas and 
measuring the remaining volume of the H 2 gas by a soap 
bubble meter. The Important conclusions based on the findings 
of the present work can be described as below. 


1 . Addition of water to the iron ore or sinter mixes decrea 

the bulk density of the material and improve the permeability - 
of the bed. Porosity of the bed vvoid fraction) remains wot** \ 
or less constant but the bed offers less resistance to the gam j 
flow probably because of the micro-pelletization of irori ore 
fines during mixing in presence of water and thereby increasing 
the average size of the solid particles. ; 

2. There is a large increase in the pressure drop across th< 
bed during the process of sintering, probably due to expansion i 
of the gases and solids at high temperature and due to irregulaj 


distribution of materials remaining after the evaporation of 
moisture > combustion of carbon and the calcination of fluxes. 

3« Increase in pressure drop during sintering is much less 
those beds where fusion of material occurs to form a fluid slag 
for bonding. This may be due to an increase in the porosity 
of the bed which is caused by the solid -liquid transformation. 

4. The amount of liquid slag formed & hence the yield and 
strength of the sinter produced depend upon the maximum tempera- 
tures attained by the bed during sintering. 

5 . The maximum temperatures attained by the bed are more wh 
sintering is carried out at the speed of 0 . 9 - 1 .0 cm/min compare' 
to 0 . 5 - 0.7 cm/min. 

6 . For acid sinter, the bed must attain temp, of 1300°C or 
to make the liquid slag due to formation of fayalite whereas in 
fluxed sinters, good sintering can be obtained when the bed 
attains temperature of 1150“1200°C due to the formation of 
calcium ferrite phases. These observations were also confirmed 
performing the crucible studies i .e . heating the oxide mixture; 
to 1 200-1 300°C in a silicon carbide furnace and taking the x-rs 
diffraction patterns of the products. 

7 . Bed temperatures of 1200°C are possible only in those : 

\ 

cases wh .ere the flux decomposes ahead of the sinter zone so th< 

i 

calcination of the flux does not absorb heat during the combusj 
tion of carbon in the sinter zone . j 


i 



0. Mathematical models based on overall and zonal thermal 
balances have been developed to describe the process variables 
which affect the quality and rate of sintering. 

9. Calcite material decomposes at slow rate compared to 
naturally occuring dolomite. The peak temperatures obtained are 
low when calcite is present to the extent of 20% of the iron ore 
in the bed and the effective yield of the product is poor. The 
pressure drop across such beds during 'the sintering process are 
also high. Addition of 20% dolomite in the bed did not give any 
difficulties in the production of the sinters. 

10. The ratio of the agglomerated mass to the charge remained 
around 0.5 in most of the experiments probably due to the material 
layers udie upper portion of the bed ancy ffaa. the periphery of the 
bed in the lower portion did not reach high temperature to cause 
fusion/slag bonds. 

11. The effective yield (defined as the product of the actual 
yield to the shatter index) v/as of 'the order of around 0.40 and 
this depend*? greatly on the maximum temperature attained by the 
bed. 

12 . A mathematical model is developed to describe the reduc- 
tion behaviour of iron ore in the shaft by gas. The model 
can be used to estimate the exit gas composition and the degree 
of reduction as a function of time. 



13. Experimental results tend to match with the calculated 
values for the time of reduction the beds th®«e are assumed 
to be 100-200°C below the furnace temperature. This is possible 
due to cooling caused by the H 2 gas »f 1 ow.i. ng— th-rough... the „ bed . 

14. The reduction patterns of the sinters show that the last 
10-30% of materials get reduced with great difficulty. The 
equilibrium gas composition at equilibrium with the remaining 
material (2FeO.SiC> 2 ) is in the range of 90-92%. 

15 . Reduction of hematite is marked by zero percent H 2 in the 
exit gas at the start of the experiment but the fluxed sinters 
or the crucible compounds do not exhibit this phenomenon. The 
exit gas always contain 3 0-40% H 2/ probably due to the formation 
of the liquid Ca0.Fe 2 0 2 phase in the outermost layer of the iron 
ore . 

8.2 Recomme n dati ons 

There is scope for further scientific studies on the 
sintering of iron ore and the testing of the ore for its reduci— 
biJ.ity measurements. The following recommendations ? 

1. More pressure taps and thermocouples can be inserted abou t: — 
tb a £ i -f g 1:5 to under s tand the process more clearly. 

2 . Use of smaller capacity compressor could not allow the 
sintering to be conducted at flow rates of air higher than 60 1/min 
Bigger size compressor and sintering unit are recommended to get 


sintering rate exceeding 1 cm/ min • an d - - hc-l - p — to irrcrense— the size 

of the unit as to get more material fo ac^te-s- ti-ng— pur p 6 s e s . 

3 . The reducibility apparatus can be modified to include the 
following ; 

(i) Continuously measuring the K 2 0 collected in the condensor. 

(ii) Continuous temperature measurement of the bed material, 
(.iii) Use of large size bed (4—5 cm dia, 1.0- 1.5 m length). 

4. Attempts should be made to analyse all the raw materials 
used as well as all the sinters produced for better comparison 
of results. Percentage FeO in the sinter must be estimated by 
taking 2-3 samples from the same product. 

5 . Strength of the sinter should be determined by the 
standard shatter test as well as drum (tumbler) test. 

6. Mathematical model for the process analysis should include 
the zone of preheating of air. Here the zones move and one may 
prefer the moving coordinates or make other valid assumptions and 
simplifications . 
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CHAPTE R IX 

APPENDI X 


Specific Jleat 

Cal/'-'C/mole 

C 

^gas 

8.5 

c 

p • 

■^air 

8 

C 

■^solid 

0.22 

b 

r C°Z _ 

lo 

Jleat of formation 

Cal/ mole 

^ H Fe 2 0 3 

196.8 

& H Pe 3 0 4 

267.3 

^ H PeO 

63 .8 

t> 

t — A 

— i 

8 

94.05 

^ H co 

26.4 



APPENDIX I 


SPECIFIC HEAT AM) EMTHALPY DATA FOR* SPECIES USED 

• — 




Species 

- M° 
w 298 

Cp = a 

+ bT - CT~ 2 




Heat of 

formation 

Cal/moXe 

a 

■■■ -> " 
b x 10^ 

c x 10-5 




CaT/de g/ m ole 



C 

0 

4.03 

1 .14 

2:04 


CO 

26420 

6.79 

0.98 

0.11 


CM 

O 

O 

94050 

10.57 

2.10 

2.06 


CaO 

151500 

11 .67 

1 .08 

1 .56 


CaCO, 

288400 

24.08 

5.24 

6.20 


(25-900°C) 





FeO 

63800 

11 .66 

2.0 

0.67 


Fg 2°3 

1 96800 

23.50 

18.60 

3.55 


H 2 

0 

6.52 

0.78 

-0.12 


h 2 o 

57800 

7.3 

2.46 

- 


MgO 

143700 

10,18 

1 .74 

1 .48 


°2 

0 

7.16 

1 .00 

0.4 


Si°2 

217600 

14.40 

2.04 

- 


n 2 

mm 

6.83 

0.90 

-0.12 


Fe 3°4 

267800 

21 .88 

48.20 

- 
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